Abstract. Precipitation behavior of magnetite particles in the thermal grown oxide scale during isothermal cooling of microalloyed low carbon steel was studied using scanning electron microscopy (SEM) and thin film X-ray. The oxide scale was generated from Gleeble 3500 Thermal-Mechanical Simulator connected with a humid air generator, to simulate 550 and 450°C isothermal treatments. Several types of magnetite precipitates were observed during different cooling processes with respect to the possible mechanisms of precipitation have been discussed. It is found that magnetite particles is as a result of pro-eutectoid precipitation from oxygen-rich wustite, and also as a product of the partial decomposition of wustite during the cooling process due to change of oxygen concentration and migration of iron ions. Furthermore, microalloyed elements in steel reduce the stability of wustite thereby facilitate the precipitation process, whose products of multi-phase oxide finally determine the adhesive strength of oxide scale and steel substrate.
Introduction
Hot-rolled steel strips are inevitably covered with the oxide scale due to thermal oxidation [1, 2] , whose thickness and microstructure depend appreciably upon cooling conditions at the exit of the last finishing stand of the rolling mill and upon the type of steel strips. Generally, the tertiary scale formed at finishing temperature (FT) is composed of three well defined layers (iron oxides), namely: a thick wustite (approximate composition FeO) layer adjacent to the steel substrate, then an intermediate magnetite (Fe 3 O 4 ) layer, and finally a thin outermost hematite (Fe 2 O 3 ) layer [3] [4] [5] . Since wustite is unstable below 570°C at a eutectoid point of Fe-O system as shown in Fig. 1 [6] under a certain cooling rate the oxide scale is thermodynamically decomposed more or less into a mixture of iron and magnetite by a eutectoid reaction [7] , even though it may be possible not to be decomposed under a rapid cooling [8] . In the oxide scale on commercially produced steel strips, the precipitation of magnetite appears not only in the oxygen-rich area near the magnetite-wustite interface during partial decomposition of the wustite at the ambient temperature, but also at the wustite-substrate interface of the adherent oxide scales, which is called magnetite seam in Fig. 2 [9, 10] .
However, preferential magnetite precipitates in the iron-rich area near the metal substrate seem highly improbable in the light of the iron-rich wustite is more stable than that of oxygen-rich [8] . Hence, some hypotheses concerning the mechanism behind the formation of magnetite have been presented [8, 10] . In general, the precipitation of magnetite particles in epitaxy with the wutite is formed as a consequence of oxygen penetration under the oxide scale or of localised nucleation of the decomposition of wustite during cooling process. Furthermore, the possible mechanisms are provided referring to the prior precipitation of iron below 570°C [10] or other effects such as impurities in the metal substrate, over-oxidation at the interface by decohesion [2] , stress-induced nucleation of magnetite particles or the presence of carbon in the steel [8] . Thus, more possible explanation of magnetite precipitation during the cooling of hot-rolled steel strips: due to the super cooling employed after hot rolling, the cooling rates of oxide scale are fast enough to suppress wustite decomposition above 480°C, around which the decomposition of wustite proceeds most rapidly [7] , but allow it to decompose partially at a low temperature after coiling. Magnetite particles may therefore appear in the wustite layer, as a result of pro-eutectoid precipitation from oxygen-rich wustite, and also as a product of the partial decomposition of wustite.
In this study, an experiment for investigating the development of oxide scale during laminar cooling after hot rolling was conducted in Gleeble 3500 system equipped with a humid air generator. An attempt to clarify the validity of the hypothesis about precipitation of magnetite particles in epitaxy wustite, with particular emphasis on the conditions, temperature and duration during decomposition treatments, has been established. According to the examination of microstructure and morphology of the oxide scale associated with this phenomenon, the corresponding formation mechanism of magnetite seam is also discussed.
Experimental
Materials. The material used in this experiment was commercial hot-rolled strips from microalloyed low carbon steel for automobiles, with the dimension 120mm×25mm×5mm. The chemical composition of the samples is listed in Table 1 . Sample preparation. The specimens prepared for oxidation test were ground using SiC paper of 2400 mesh to the surface finish of 0.6µm, degreased in acetone in an ultrasonic cleaner, washed in water, cleaned in ethanol, then dried immediately before testing. The thermal couple was welded at the centre of the specimen, which will be set into the chamber of Gleeble 3500, Thermal-Mechanical Simulator connected with a humid air generator [11, 12] . The experimental setup of the chamber with specimen and thermal couple position are illustrated in Fig. 3 .
As shown in Fig. 4 , the thermo-cycle routine was employed to conduct the high-temperature oxidation of steel strips. Correspondingly, each sample was heated to 900°C at 10°C/s and held for 120s in the atmosphere of argon. Temperature was decreased to 800°C, dry air was released for 30s, and then humid air was released and kept flowing into chamber for up to 33-660s. At the end of oxidation test, argon flow was switched on to prevent from any further oxidation. Finally, the sample was cooled down to ambient temperature at 40°C/s. The sample with oxide scale was protected by a spray layer of Lacquer [13] to avoid any other contamination or any spallation before the examination, then was cut into the dimensions 10mm×9mm×5mm using a Struers Accutom-50 cutting machine. Chemical Analysis. Phase identification of the oxide scale formed on the samples was conducted by GBC MMA advanced thin-film X-ray diffraction (XRD). Then, one of the broad surfaces of samples mounted in epoxy resin is ground by SiC paper and polished by diamond suspension down to the surface finish of 1µm. After that, the etchant consist of a 0.5-1% hydrochloric acid solution in ethanol was used for the etching of samples [14] . Optical microscope and A JEOL JSM 6490 scanning electron microscope (SEM) were also employed to characterise the microstructure and morphology at the cross-section of the specimen after oxidation.
Results and Discussion
Determining the temperature range and conditions for magnetite precipitation. Oxide scale formed by air oxidation between 800 and 900°C and subsequent humid air oxidation, experienced rapid cooling until the ambient temperature and the isothermal decomposition treatment at temperatures of 550 and 450°C for periods from 33-660s. The precipitation behavior of magnetite particles in wustite layer on microalloyed low carbon steel has been studied. It has been observed that the precipitation of magnetite with the formation of metastable wustite enriched with iron at 450°C. Fig. 5 shows the X-ray patterns of the oxide scales formed at 550 and 450°C after holding for 5 min.
Comparison of the intensities of magnetite and hematite suggests that both the oxides exist in all the layered oxide scales. Compared the two illustrations in Fig. 5 , it is interesting to note that the intensification of magnetite phase has a discernibly increase at 450°C. Furthermore, a steep increase of hematite phase on the surface of oxide scale was also observed. This was possibly due to the disproportioning of wustite into magnetite and iron occurs most rapidly in the temperature range 375-475°C [7] . The amount of retained wustite will therefore depend on the cooling rate in this temperature range. Actually, in order to precipitate the magnetite particles from the wustite layer, either the supply of the Advanced Materials Research Vol. 572oxygen atoms from the external atmosphere or the eutectoid decomposition should occur [15] . Thus, it is quite possible to achieve the formation of a multi-structure including retain wustite and magnetite or iron precipitates depending on the conditions of its formation [15] and the oxygen content [10] .
Precipitation behavior of magnetite particles under cooling process. In most cases, the two-layer microstructure of the samples in this study can be observed: a thin outer layer of hematite, followed by a layer of a mixture of α-iron and magnetite. Before etching of the samples, the surface of hematite layer could be clearly identified by its brighter color, as shown in Fig. 6 , nevertheless, the magnetite-iron eutectoid could be differentiated from magnetite phase by showing high brightness after etching [14] . Subsequently, the morphology of the oxide scale, scattered iron particles in the magnetite layer and a thin magnetite film adherence to the steel substrate, are also shown in Fig. 6 . It can be seen that the particularly well-developed magnetite seam has a heavily serrated edge and some rounded pores, which means that it consists of a continuous row of crystals growing from the interface of the wustite and steel substrate. However, the previous examination of the oxide scale on commercial hot-rolled steel strips where the finishing temperature (FT) is 860°C and the coiling temperature is 630°C [16] reveals the presence of magnetite and iron-rich wustite as shown in Fig. 7 , but no iron has been found in any of the oxide layers. Evidently, the cooling rates employed during the laminar cooling after rolling are fast enough to suppress wustite breakdown above 480°C, but allow it to decompose partially at a lower temperature during off-line cooling of hot coils. In addition, there is some evidence that iron may be precipitated without being detected in the microstructure of the oxide scale. Based on the fact that the iron deficiency across the thickness of the adherent wustite layer increases linearly whilst the immediate vicinity of the steel substrate decreases slightly [8] , it can be deduced that the precipitation of iron from the wutite migrate back to the metal surface. As for the microalloyed low carbon steel, the area close to the interface enriches some of the other elements in the steel (also see Fig. 7 ). These elements might provide added stimulus to lower the stability of wustite, so that it decomposes more readily and facilitates precipitation of magnetite particles.
In principle, the intergrowth of such iron and magnetite is similar to that of the pearlite comprising iron and carbides. The profound difference results from the rate of solution. The component that has to be dispersed by diffusion is relatively mobile in the case of the carbide and virtually incapable of diffusion in the case of the oxide. Thus, the magnetite particles precipitate not by dispersion of oxygen ions but by dilution with iron. Whatever continuous cooling or isothermal treatment, it should be noted that the cooling process is the appreciably dominating factor for the final microstructure and composition of the oxide scale, rather than the oxidation conditions at high temperatures.
Nucleation mechanism of magnetite precipitation. Magnetite particles generated from the wustite layer in the beginning of transformation above 570°C imply the significance of the following one-stage decomposition [10] corresponding to the area A in the Fe-O phase diagram ( Fig. 1): 
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where y x > , Fe 1-y O is an iron-rich wustite, x y v 4 1
When the temperature drops to the eutectoid temperature, where multistage low-temperature decomposition is proceeding with area B in Fig. 1 .
(3) Then, the decomposition of oxygen-rich wustite into stoichiometric wustite and the second magnetite:
(4) where Eq.2 is right, when y = 0. Finally, the breakdown of metastable stoichiometric wustite into two equilibrium phases:
(5) Reaction (4) proceeds rapidly and outstrips reaction (5) to a considerable extent at temperature of maximum decomposition rate in area B (250 to 350°C) [7] during several hours, with the probable result of no visible precipitation of metallic iron.
As mentioned previously, magnetite precipitates by dilution with iron and the diffusion mechanism is illustrated in Fig. 8 . The rapid formation of magnetite precipitation first on cooling wustite near to the interface of magnetite and wustite, in part, can be a consequence of the defect structure where has a higher oxygen concentration, until the depleting large amount of oxygen and then to cause iron precipitation. After that, magnetite precipitates at the metal-scale interface where the oxygen content increases and approximates that of corresponding to the eutectoid transformation. Below 475°C, magnetite presumably nucleates at this same region and propagates as epitaxial intergrowths in the wustite during holding at lower temperature. It is worth to mention that the initial wustite with richer iron is liable to form iron-rich wustite [15] , which will result in larger diffusion path, and lower the nucleation growth rate of magnetite particles. Moreover, the diffusion mechanism requires oxide scale without relatively larger defects, such as gaps, blisters or cracks, which would cut off the diffusion path according to solid-state mass transfer theory [1] . Fig. 8 Diffusion mechanism of magnetite precipitation due to different of oxygen concentration It is well conceivable that such a spatial arrangement of magnetite and α-iron will substantially lead to a very rough interface and thereby enhance the toughness of the oxide scale, and thus its resistance to adhesive failure of the oxide scale. Furthermore, some experiments [8] have verified that the oxide scale has spalled off easily under stresses due to cooling or handling when the precipitation of magnetite and iron particles were absent. Consequently, it is thought that the adhesive force of oxide scale is strong in such a structure where the wustite has completely transformed with a thin top layer and the presence of the magnetite-seam and eutectoid structure.
Summary
Precipitation behavior of magnetite particles in oxide scale during isothermal cooling of microalloyed low carbon steel was studied using scanning electron microscopy and thin film X-ray. Several types of precipitates were obtained at different cooling processes, with respect to the possible mechanisms are discussed. Furthermore, possible explanations of the origin of the magnetite seam have been considered in the light of the results presented in this paper. The evidence points to nucleation at the interface of magnetite precipitation from the wustite during cooling process. However, the area near to the interface is known to be enriched in some of the other elements in the mirocalloyed steel. These elements may lower the stability of wustite, so that magnetite particles precipitate more readily near the interface, thereby will appreciably determine the adhesive strength of the oxide scale.
